Exchange interaction between the triplet exciton and the localized spin
  in copper-phthalocyanine by Wu, Wei
ar
X
iv
:1
40
6.
29
98
v1
  [
qu
an
t-p
h]
  1
1 J
un
 20
14
Exchange interaction between the triplet exciton and the localized spin in
copper-phthalocyanine
Wei Wu∗
London Centre for Nanotechnology, University College London,
Gower Street, London, WC1E 6BT, United Kingdom
Triplet excitonic state in the organic molecule may arise from a singlet excitation and the following
inter-system crossing. Especially for a spin-bearing molecule, an exchange interaction between
the triplet exciton and the original spin on the molecule can be expected. In this paper, such
exchange interaction in copper-phthalocyanine (CuPc, spin- 1
2
) was investigated from first-principles
by using density-functional theory within a variety of approximations to the exchange correlation,
ranging from local-density approximation to long-range corrected hybrid-exchange functional. The
magnitude of the computed exchange interaction is in the order of meV with the minimum value (1.5
meV, ferromagnetic) given by the long-range corrected hybrid-exchange functional CAM-B3LYP.
This exchange interaction can therefore give rise to a spin coherence with an oscillation period
in the order of picoseconds, which is much shorter than the triplet lifetime in CuPc (typically
tens of nanoseconds). This implies that it might be possible to manipulate the localised spin on
Cu experimentally using optical excitation and inter-system crossing well before the triplet state
disappears.
PACS numbers: 71.10.Aw,71.15.Mb,71.35.Gg,71.70.Gm
I. INTRODUCTION
The metal-phthalocyanine (MPc), in which a metallic
ion is centred at a conjugated Pc ring, has attracted much
attention recently due to its fascinating physical prop-
erties [1–11]. Especially, the spin-bearing MPcs are of
great interest. They can have very long spin-lattice relax-
ation times [11], which may pave the way towards robust
electron-spin qubit. Moreover, as organic semiconduc-
tors, due to their plasticity, they can be prepared in dif-
ferent forms such as bulk crystalline, thin films [2, 8], and
nanowires [3]. In conjugation with their magnetic tun-
ability realised by the state-of-the-art molecular growth
techniques [2, 8], these advanced materials properties are
highly promising in the applications including quantum
information processing (QIP) [11] and organic spintron-
ics [12].
Copper-phthalocyanine (CuPc) [2–5] has received the
most extensive experimental and theoretical studies as
compared to other MPcs. Nevertheless, the recent ex-
perimental and theoretical studies have demonstrated
that the α-phase cobalt-phthalocyanine (CoPc) has much
stronger exchange interaction than CuPc and raises its
transition temperature above the boiling point of liquid
nitrogen [7, 8]. This is probably due to the out-of-plane
orientation of dz2 -orbital in CoPc (in contrast to the
in-plane orbital dx2−y2 in CuPc), which might ease the
migration of electron between molecules. These studies
have illustrated the importance of choosing the appropri-
ate metallic ion for the manipulation of d-orbital occu-
pations and hence the magnetic properties. However, for
practical application, it would be very desirable to ma-
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nipulate the exchange interaction by external stimulus
such as optical excitation.
The optically excited state in molecule could not only
facilitate the control of interaction in QIP [13] but also
play an important role in organic spintronics [14, 15].
Control of the strongest interaction between electron
spins, exchange interaction, so as to manipulate the en-
tanglement, is an important aspect in quantum compu-
tation [16]. By controlling the exchange interaction via
optical excitation, the additional electrodes that are sup-
posed to control exchange interaction [16] but would in-
duce significant decoherence [17] can be avoided. In ad-
dition, excitons in organic materials could interact with
a polaron [18, 19], which can influence the spin transport
and hence the magneto-resistance. Due to these impor-
tant aspects, it is necessary to understand the interaction
between spin and exciton in spin-bearing molecules.
The Pc ring has a singlet ground state, on which a
triplet state can be induced by the inter-system crossing
that follows the optical excitation of singlet state [20, 21].
Therefore, the spin-bearing MPc, having a broad optical
absorption spectrum [3], is an ideal platform for study-
ing optically induced exchange interaction. The exper-
iments on the triplet state of CuPc have indicated its
lifetime T is very short (∼ 35 ns in Ref.[22] and < 50 ns
in Ref.[23] respectively) as compared to molecules such
as metal-free phthalocyanine (T ∼ µs) [22]. There-
fore, another crucial question, which is related to QIP,
is whether the spin coherence induced by the exchange
interaction (J) can survive such fast relaxation of triplet
state, i.e., according to Heisenberg’s uncertainty princi-
ple, a comparison between J and ~
T
is needed. Previ-
ously, the electronic structures of the ground and excited
states of CuPc have been studied [24–26] within density-
functional theory (DFT). The electrostatic interactions
between organic ligand and metallic ions for a variety of
2MPc including CuPc have been studied by using local-
density approximation (LDA) within DFT in Ref.[24].
The ground-state electronic structure of CuPc has been
studied by using a variety of functionals within DFT in
Ref.[25, 26]. However, the aspect mentioned above, es-
pecially the exchange interaction between triplet exciton
and Cu spin, is yet to be investigated theoretically and
experimentally. In addition, the dependence of the com-
puted exchange interaction on the functional is of great
interest for the wider research communities of DFT and
organic magnetism as well. In this paper, a theoreti-
cal study of the exchange coupling and electronic struc-
ture in CuPc with a triplet on the Pc ring, was carried
out within DFT by using a variety of approximations to
the exchange-correlation functional ranging from LDA
to long-range corrected hybrid-exchange functional. A
strong exchange interaction has been predicted from first-
principles and the nature of the triplet exciton has been
investigated carefully. The calculation results relying
on different approximations to the exchange-correlation
functionals have been compared. More importantly, the
magnitude of the computed exchange interaction could
result in a spin coherent oscillation with a period in the
order of picoseconds, which could potentially survive the
fast relaxation of triplet in CuPc. The remaining con-
tent falls into three parts. In §II, a brief introduction to
the computational tools used is given. In §III, the cal-
culated electronic structure and exchange interaction be-
tween the triplet and the localised spin are reported and
the possible spin manipulation mechanism is discussed.
Finally, in §IV, some more general conclusions are drawn.
II. COMPUTATIONAL DETAILS
Calculations for an isolated CuPc molecule have
been carried out using DFT and Dunning’s correlation-
consistent polarized valence double-zeta (cc-pVDZ) basis
set [27] implemented in the Gaussian 09 code [28]. The
self-consistent field (SCF) procedure is converged to a
tolerance of 10−6 a.u. (∼ 0.03 meV).
A number of approximations to the exchange-
correlation functionals, starting from the simple LDA
to the more sophisticated long-range corrected hybrid-
exchange functional were used to describe the electronic
exchange and correlation. Local spin-density approxi-
mation (LSDA) to the correlation functional, which was
developed by Vosko, Wilk, and Nusair in the 1980s
[29], together with Slater’s exchange functional [30],
was employed here. The generalised gradient approx-
imations (GGA) used here include those invented by
Perdew and Wang (PW91) [31], Perdew, Burke, Ernz-
erhof (PBE) [32], the further developed formalism for
PBE (PBEh1PBE) [33], and BLYP functional [34, 35].
The hybrid-exchange functionals, O3LYP [36], B3LYP
[37], and HSE06 [38] have been chosen for the cal-
culations. Recently the long-range corrected hybrid-
exchange functional, CAM-B3LYP [39], has been devel-
oped to improve B3LYP functional by mixing different
amount of exact exchange in the long range as com-
pared to that in the short range. LSDA is the sim-
plest approximation for the exchange-correlation func-
tional used in this paper. GGA approximations includ-
ing PW91 [31], PBE [32], PBEh1PBE [33] and BLYP
[34, 35] are slightly more sophisticated than LSDA by in-
cluding the gradient of electron density as additional vari-
able of the functional. In sharp contrast to the LDA and
GGA, the hybrid-exchange functionals including O3LYP,
B3LYP, and HSE06 can eliminate the self-interaction er-
ror and balance the tendencies to delocalize and local-
ize Kohn-Sham orbitals by mixing Fock exchange with
that from a generalized gradient approximation (GGA)
exchange functional [37]. The hybrid-exchange function-
als have previously been shown to provide a good de-
scription of the localised spins and magnetic properties
[4, 5, 7, 40, 41]. Especially for CuPc (spin- 1
2
), it is cru-
cial to treat the localised d-electron and delocalized p-
electron wave functions on the same foot. As shown later
on, within the broken-symmetry methods [42], the choice
of the functional indeed leads to a significant difference
for the exchange interaction.
The broken-symmetry method [42] was used to local-
ize anti-aligned spins on the molecule. The Heisenberg
spin Hamiltonian used to describe the interaction be-
tween spins reads [43]
Hˆ = J ~ˆS · ~ˆs, (1)
, where ~ˆS and ~ˆs represent spin-1 and spin- 1
2
operators, re-
spectively. The exchange constant J was estimated from
the electronic structure calculations as,
J = EFM − EAFM, (2)
where EAFM and EFM are the total energies of the spin
configurations that are anti-ferromagnetic (AFM, spins
anti-aligned) and ferromagnetic (FM, spins aligned), re-
spectively. When forming the AFM configuration, the
related molecular orbitals were switched by using the
keyword GUESS=ALTER in the Gaussian 09 code to
initialise the desired quantum state. Supposing one
starts from the ground state of CuPc (spin- 1
2
), the
spin-up dx2−y2-derived orbital need to be swapped with
the lowest-unoccupied molecular orbital (LUMO), mean-
while, the spin-down unoccupied dx2−y2-derived orbital
need to be swapped with the highest-occupied molecular
orbital (HOMO). The self-consistent process would then
facilitate the formation of the AFM (broken-symmetry)
state of the triplet exciton on the Pc ring and the Cu
spin provided an appropriate functional is used.
3FIG. 1: (Color online.) The energy alignments of the essential Kohn-Sham orbitals near the HOMO-LUMO gap from different
functionals, together with their iso-surfaces, are shown for the FM configuration (spin- 3
2
). The energies (in the unit of eV) are
referred to that of spin-up HOMO. The sign of the wave function is colour-coded, positive in blue and negative in purple. The
essential spin-up orbtials (HOMO-2 to LUMO) and spin-down (LUMO to LUMO+3) are shown. The spin-up orbital HOMO-2
carries the localised spin on Cu and the spin-up orbitals HOMO-1 and HOMO form triplet exciton. Cu is depicted in orange,
C in dark gray, and H in light grey. The iso-surface value is set to be 0.02e/A˚3.
III. RESULTS AND DISCUSSION
A. Electronic structure
The Kohn-Sham energy level alignments near the
HOMO-LUMO gap for the FM configuration (spin- 3
2
)
with the corresponding molecular orbitals are shown in
Fig.1. The functionals chosen include further developed
PBE functional, namely, PBEh1PBE, hybrid-exchange
functionals O3LYP, B3LYP, PBE0, HSE06, and the
long-range corrected hybrid-exchange functional CAM-
B3LYP. All the energies (in the unit of eV) are referred
to that of the spin-up HOMO (zero-energy). For all these
six functionals, the localised orbital carrying Cu spin- 1
2
is located at the spin-up HOMO-2. This molecular or-
bital is formed by the hybridisation of dx2−y2 with lig-
and px and py atomic orbitals, having a b1g symmetry
that belongs to D4h point group. The two orbitals for
the triplet exciton are located at spin-up HOMO-1 and
HOMO. HOMO-1 (HOMO) has a symmetry a1u (egy).
This suggests that the triplet exciton is formed by flip-
ping the spin of the HOMO because the HOMO and
LUMO in the singlet ground state have a1u and eg sym-
metries respectively. This physical picture is consistent
with the previous calculation results [25, 26]. As shown
in Fig.1, the spin-down a1u orbital is unoccupied, which
is exactly expected for a formation of the lowest-energy
triplet exciton.
The triplet excitation energy (the energy difference be-
tween FM state and singlet ground states) as tabulated
in Table.I ranges from 0.76 eV (B3LYP) to 1.25 (PBE0).
This is lower than the HOMO-LUMO gap (∼ 2 eV) that
is approximately the energy of the first singlet excited
state (mainly dominated by HOMO and LUMO). The
gap between the occupied spin-up and unoccupied spin-
down b1g orbitals is approximately the on-site Coulomb
interaction U of Cu spin). The largest this gap (∼ 7.4
eV, see Fig.1) was computed by using the CAM-B3LYP
functional. However, the other five functionals, as shown
in Fig.1, have given smaller U (∼ 3 – 4 eV, see Fig.1).
This might be due to the stronger localization of Cu d-
orbital when mixing a larger amount of exact exchange in
the long range in CAM-B3LYP. This gap from the other
five functionals is in a good agreement with the previ-
ous calculations [5]. The spin-up HOMO-LUMO gaps
in this FM configuration are ∼ 1 eV except that given
by CAM-B3LYP (∼ 3 eV). The expectation values of ~ˆS2
are between 3.77 and 3.79, which is close to the expected
(3.75) for a spin- 3
2
object (See Table.I).
The electronic structures near the HOMO-LUMO gap
for the AFM configuration from different functionals are
shown in Fig.2. For all the functionals listed, the spin-
down HOMO is the localised orbital derived from dx2−y2
orbital. The spin-up HOMO (egy) and HOMO-1 (a1u)
form the triplet exciton on the Pc ring. The expectation
value of ~ˆS2 is between 1.78 and 1.80, which is close to the
expected (1.75) for a broken-symmetry state of a spin-1
and a spin- 1
2
.
When using the LSDA and GGA exchange-correlation
functionals, the desired AFM state was initialised
through orbital switching, but after the self-consistent
process, the AFM configuration can not be converged.
However, in sharp contrast, the AFM configuration
can be achieved by using PBEh1PBE, O3LYP, B3LYP,
PBE0, HSE06, and CAM-B3LYP functionals. This
might suggest that the hybrid-exchange functional may
4indeed localize the d-orbital-derived molecular wave func-
tions, whereas the LSDA and GGA functionals fail doing
so. Notice that the tendency of GGA to over-delocalise
electrons as compared to hybrid-exchange functionals has
been well known [44].
B. Exchange interaction
The Mulliken spin densities for these two spin-
configurations based on B3LYP functional are shown in
Fig.3. As expected, the triplet exciton spin density is
largely distributed on the Pc ring. The Mulliken spin
densities calculated by using the other functionals listed
in Fig.1 and Fig.2 share similar qualitative feature as
compared with that from B3LYP. The magnitude of the
computed exchange interaction between the triplet and
localised spin (Table.I) is between 1.5 meV (ferromag-
netic, CAM-B3LYP) and 34.6 meV (anti-ferromagnetic,
HSE06). These functionals listed in Fig.1 and Fig.2 have
predicted a ferromagnetic interaction except for HSE06
giving an anti-ferromagnetic one. However, these cal-
culated exchange interactions is much larger than the
nearest-neighbouring exchange interaction in CuPc crys-
tal (typically ∼ 0.1 meV) [2, 4] and the hyperfine inter-
action on CuPc (typically ∼ 10−5 meV) [11].
Regarding the exchange mechanism, the super-
exchange contribution can be neglected as the orbitals
involved in the exchange interaction have different sym-
metries (b1g for the localised spin; a1u and eg for the
triplet exciton). The confinement of a single molecule re-
sults in a large overlap between orbitals in the exchange
integral, and this would in turn trigger a relatively large
ferromagnetic interaction owing to the direct-exchange
mechanism. This speculation would therefore lead to a
ferromagnetic interaction, which is consistent with the re-
sults based on PBEh1PBE, O3LYP, B3LYP, and CAM-
B3LYP, but not with HSE06. Supposing the indirect
exchange effect is small, then it might be worth compar-
ing the major difference between these functionals. The
key feature of HSE06, which distinguishes itself from the
other functionals, is that in HSE06 the screened Coulomb
potential is used instead of computing exact Fock ex-
change. This perhaps has a significant effect on the total
energies with different spin configurations and hence the
exchange interaction. However, more detailed analysis
about this sign change of exchange interaction owing to
functionals is beyond the scope of this paper, which is
expected to be discussed separately. Moreover, the com-
puted exchange interaction is much larger than ~
T
(∼ 10−4
meV if T ∼ 10 ns), which means the spin coherence in-
duced by the exchange interaction could potentially sur-
vive the fast relaxation of triplet state in CuPc. There-
fore, it is conceivable that this optically induced interac-
tion could be useful for the manipulation of spin-qubit in
molecular QIP.
The molecular structure has also been optimised with
triplet on the Pc ring. CuPc molecule undergoes a
Jahn-Teller distortion with a symmetry reduction from
D4h to D2h because egy orbital is singly occupied. The
molecule elongates along y-direction but shortens along
x-direction. However, the change of molecular structure
is so small (the change of the atomic coordinates is up
to 2 %) that the influence on the exchange interaction is
negligible. Nevertheless, the calculations presented here
would still be useful when the molecule is still in the
ground-state geometry, i.e., before the structural relax-
ation due to triplet formation happens.
C. Spin manipulation in CuPc by using triplet
The spin manipulation could be performed either on
the CuPc molecule monolayer on the surface or the bulk
CuPc crstyal. For the former, the substrates should not
be sensitive to microwave field, for example, the non-
magnetic semiconducting materials. For the latter, the
might be addition modulations from inter-molecular ex-
change interaction, but this won’t be a major problem as
its magnitude is much smaller than that between triplet
exciton and Cu spin.
First, a laser pulse can be applied to stimulate the
molecule to the singlet excited state followed by the fast
relaxation to the triplet ground state. Then, from this
point, the triplet and Cu 1
2
-spin are in a coherent state
owning to the exchange interaction. A standard series of
electron spin resonance (ESR) pulses can be used to ma-
nipulate the spins on CuPc as described in Ref.[45]. No-
tice that the whole ESR pulse sequence should be shorter
than the triplet lifetime, i.e., tens of ns. For the spin ma-
nipulation, a short ESR pulse (pulse length ∼ 0.1 ns) can
be implemented first. After ∼ 1 ns the ESR π-pulse is
applied to refocused the spins in order to obtain a spin
echo. By recording the integrated echo, one can observe
the time-dependent oscillation of integrated echo, which
is essentially an indication of spin rotation, i.e., a process
for spin manipulation. The theoretical description of this
manipulation process can be derived by using the theory
of open quantum system [46]. However, this is beyond
the scope of this paper, and will be described in another
paper, which would be focused more on the modelling
of ESR manipulation of spins in CuPc by using triplet
excitation.
IV. CONCLUSION
The exchange interaction between triplet exciton and
localised spin in CuPc has been computed using Dun-
ning’s correlation consistent basis set and a variety of
functionals within DFT. The computed exchange inter-
actions are in the order of meV. These computed ex-
change interactions are much larger than the nearest-
neighbouring inter-molecular exchange in CuPc, which
implies the potential of optical excitation for transient
modification of the magnetic properties of CuPc and the
5FIG. 2: (Color online.) The energy alignments of the essential Kohn-Sham orbitals near the HOMO-LUMO gap from different
functionals, together with their iso-surfaces, are shown for the AFM configuration (broken-symmetry state). The essential
spin-up orbitals (HOMO-1 to LUMO+1) and spin-down (HOMO to LUMO+2) are shown. The energies (in the unit of eV)
are referred to that of spin-up HOMO. The spin-down orbital HOMO carries the localised spin on Cu and the spin-up orbitals
HOMO-1 and HOMO form triplet exciton. Cu is depicted in orange, C in dark gray, and H in light grey. The iso-surface value
is set to be 0.02e/A˚3.
Approximation S-VWN(LSDA) PW91 PBE BLYP PBEh1PBE O3LYP B3LYP PBE0 cam-B3LYP HSE06
ET (eV) 1.24 1.18 1.25 1.18 0.95 1.08 1.25 0.96 0.76 1.14
〈 ~ˆS2〉 (FM) 3.753 3.756 3.753 3.755 3.777 3.763 3.770 3.776 3.794 3.774
〈 ~ˆS2〉 (AFM) - - - - 1.784 1.764 1.776 1.783 1.802 1.781
J (meV) - - - - -5.7 -15.9 -9.1 -6.0 -1.5 34.6
TABLE I: The computed triplet-state energies, expectation values of ~ˆS2 for FM and AFM (broken-symmetry) configurations,
and exchange interactions between Cu spin and ligand triplet J using different approximations to the exchange-correlation
functionals are summarized here.
application to molecular QIP. This quantity is also much
larger than ~/T , which means quantum operation may
be performed well before the triplet state relaxes back
down to the singlet ground state. Therefore, in conju-
gation with the long spin lattice relaxation time ( ∼ µs)
of the localised spin in CuPc [11], this exchange inter-
action might be useful for the optical manipulation of
electron-spin qubit in QIP.
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